The structure of cucumber mosaic virus (CMV; strain Fny) has been determined to a 3.2-Å resolution using X-ray crystallography. Despite the fact that CMV has only 19% capsid protein sequence identity (34% similarity) to cowpea chlorotic mottle virus (CCMV), the core structures of these two members of the Bromoviridae family are highly homologous. As suggested by a previous low-resolution structural study, the 305-Å diameter (maximum) of CMV is ϳ12 Å larger than that of CCMV. In CCMV, the structures of the A, B, and C subunits are nearly identical except in their N termini. In contrast, the structures of two loops in subunit A of CMV differ from those in B and C. These loops are 6 and 7 residues longer than the analogous regions in CCMV. Unlike that of CCMV, the capsid of CMV does not undergo swelling at pH 7.0 and is stable at pH 9.0. This may be partly due to the fact that the N termini of the B and C subunits form a unique bundle of six amphipathic helices oriented down into the virion core at the threefold axes. In addition, while CCMV has a cluster of aspartic acid residues at the quasi-threefold axis that are proposed to bind metal in a pH-dependent manner, this cluster is replaced by complementing acids and bases in CMV. Finally, this structure clearly demonstrates that the residues important for aphid transmission lie at the outermost portion of the ␤H-␤I loop and yields details of the portions of the virus that are hypothesized to mediate binding to aphid mouthparts.
Cucumber mosaic virus (CMV) is the type member of the genus Cucumovirus, family Bromoviridae, which infects over 800 plant species and causes economically important diseases of many crops worldwide (18) . CMV isolates are divided into two main subgroups based on their serological and nucleic acids properties (18) . Serologically, the two subgroups are closely related, as has been shown by cross-reactivity to polyclonal antibodies (18, 29) . Some monoclonal antibodies produced against the coat proteins of subgroups I and II can differentiate the two, indicating the presence of unique epitopes for each (22, 29) .
Recently, the molecular structure of CMV was determined to ϳ8-Å resolution using cryo-transmission electron microscopy (cryo-TEM) and X-ray crystallography (30) . A remarkable similarity was demonstrated between the structure of CMV and that of cowpea chlorotic mottle virus (CCMV), another member of the Bromoviridae. In CCMV, the N termini of the B and C subunits form an unusual ␤-hexamer at the icosahedral threefold axes (27) . This structure is believed to also exist in CMV (30) and is a variant of the ␤-annulus observed in many plant virus capsids. The domain connecting the N-terminal basic R domain to the ␤-barrel domain has been observed in the electron densities of the C subunits in several Tϭ3 plant viruses, including southern bean mosaic virus (1) and tomato busy stunt virus (6) . The N-terminal arms of the three C subunits extend along an inner edge of the protein shell and loop around the threefold axes, interdigitating in sets of three to form the ␤-annulus motif.
While the overall architecture of CCMV has been shown to be homologous to that of CMV (30) , it is clear that there are a number of properties not shared by these two viruses. CCMV is stable and RNase resistant at pH 5.0 and has a sedimentation coefficient of 88S. At pH 7.0, when the ionic strength is kept at less than 0.1, the particle swells by ϳ10% and the sedimentation coefficient drops to 78S (3) . This swelling is reversed by dropping the pH back to 5.0 or by increasing the calcium or magnesium concentrations to 50 mM. However, if the pH is raised to 7.5 and the ionic strength is greater than 0.4, the CCMV capsid disassociates into ϳ40S, dimeric, ribonuclearprotein species. These particles can be subsequently reassembled into Tϭ1, Tϭ3, and Tϭ7 singly and multishelled spherical capsids as well as sheets, tubes, and rosettes. In contrast, CMV has a sedimentation coefficient of 99S and does not disassemble under these conditions but is RNase sensitive over a wide range of in vitro conditions. It should be noted, however, that the correlation between in vitro and in vivo RNase sensitivities is unclear. Therefore, a structural comparison of CCMV and CMV will elucidate the reasons why these homologous viruses have such marked differences in assembly and stability.
It is also of interest to examine the structure of CMV to understand the process of insect transmission. CMV is transmitted by aphids in a nonpersistent manner, i.e., they do not circulate or replicate in the aphid (5, 21) . The virus can be both acquired from and transmitted to a host within seconds to minutes after feeding. To accomplish this, the virus interacts with the anterior portion of the alimentary tract (food canal to foregut), from which it can be subsequently inoculated by egestion. Unlike some of the other nonpersistently transmitted plant viruses, CMV does not require helper proteins for transmission, and therefore the aphid recognition motifs must reside on the capsid itself. The CMV capsid protein is also essential for normal cell-to-cell and systemic movement within the host plant (9) . Viral movement does not require the formation of virions; it appears that an alternative ribonucleoprotein complex is transported.
Here is presented the crystal structure of CMV determined to an ϳ3.2-Å resolution. While the overall fold of CMV is very similar to that of CCMV, the ␤-hexamer of CCMV has been replaced by a bundle of six helices that is unique among the structures of any virus determined to date. This and other details in the CMV structure may explain differences in capsid stability between it and CCMV. Finally, this structure facilitates analysis of the functional significance of residues crucial for aphid transmission and viral movement in the host.
MATERIALS AND METHODS
CMV was propagated in Nicotiana tabacum and purified by differential centrifugation followed by sucrose gradient fractionation (14) . The sucrose-fractionated virus was dialyzed against 10 mM Tris, pH 7.0, and concentrated to 2 mg/ml. Crystals were grown using vapor diffusion and the sitting-drop method. The reservoir contained 2 M sodium formate, 0.1 M sodium acetate buffer (pH 4.6), and 0.05 to 0.125% polyethylene glycol (PEG) 8000. To the sitting drop, 10 l of this solution was added to 8 l of the virus solution and 2 l of a 24 mM (10 times the critical micelle concentration) solution of CYMAL-5 (cyclohexyl-pentyl-␤-D-maltoside) was then added. The detergent improved crystal size by decreasing the number of nucleation sites. It did not improve diffraction resolution other than by virtue of increasing the crystal volume. Crystals with a rhombic dodecahedron habit grew to dimensions of ϳ3.0 mm within 2 weeks and diffracted X rays to ϳ3.0-Å resolution. To prepare the crystals for freezing, drops that did not have usable crystals were pooled and centrifuged to remove precipitate. This solution was then used to make 10, 20, and 30% solutions of PEG 400. The crystals were transferred to the increasing PEG solutions, with 0.5-h incubations at each step. The crystals were then frozen in a liquid nitrogen stream that was at 110 K. Data was collected using a Rigaku rotating anode X-ray source and an R-axis IV image plate system.
Intensities were integrated with the program DENZO (16) and scaled together with the program SCALEPACK (17) . The crystals were found to belong to the P23 space group with a unit cell dimension of 336.0 Å (see Table 1 for data statistics). This finding was initially of some concern since no other virus crystal had been shown to exhibit this symmetry. However, self-rotation function calculations verified this space-group assignment. The self-rotation function clearly showed that there were two particles in the unit cell that differed in orientation by exactly 90°. With the P23 symmetry, this places the two particles at 0,0,0 and 1/2,1/2,1/2 and yields 10 copies of the viral proteins A, B, and C in the crystallographic asymmetric unit. A previous study had shown that CMV appeared to have remarkable structural similarity to CCMV but that it had a 7-Å-larger radius (30) . Therefore, the coordinates for CCMV were swollen radially by 3% and two of these swollen particles were placed into the P23 unit cell per the self-rotation function results. This model was then used to calculate structure factors to 10 Å. The CCP4 suite (2, 4) , the mask-generating program MAMA (11) using a 5-Å probe radius, and the real-space-averaging program RAVE (10) were used to average the 10 asymmetric units and extend these phases to a 5-Å resolution. At this resolution, it was possible to move major secondary segments of the CCMV model to better fit the density. In addition, the long ␣-helices at the N termini of the B and C subunits were quite apparent and were also modeled into the density. This updated model was then used to recalculate the phases and the mask, and phases were extended to 3.2 Å. The final map had an overall averaging R factor of 27.5% and correlation coefficient of 83.7%. This map was of sufficient quality to unambiguously assign residues 29 to 218 to B and C subunits and residues 62 to 218 to the A subunit. The model was built using the program O (8). All but Fig. 1, 3 , and 7A were created using the program MolView (26; http://bilbo.bio.purdue.edu/ϳtom). For refinement, the calculated structure factors from the averaged electron density map were used rather than the raw data. This not only improved the R factor but also improved the geometry of the model. This final model has an R factor of 24.7% when data between resolutions of 8 and 3.2 Å, with an RMS deviation in bond length of 0.018 Å and a root mean square deviation in bond angles of 2.4°, are used. All other geometrical parameters are better than the average of those of other structures determined to this resolution (13) .
The coordinates of our models have been deposited in the Protein Data Bank (identification code 1F15) and can also be found at the Virus Particle Explorer (VIPER) website (http://mmtsb.scripps.edu/viper/viper.html).
RESULTS
The overall architecture of the CMV viral capsid is the same as that of CCMV. This Tϭ3 virus is best represented as a truncated icosahedron (Fig. 1 ). There are three copies of capsid protein in each icosahedral asymmetric unit. Lying between the three subunits on each icosahedral face are quasi-equivalent threefold axes. At the icosahedral threefold axes, the B 
FIG. 1. Schematic representation of the Tϭ3, truncated icosahedron (left) and a surface representation of the CMV capsid colored according to radial distance (right). In the schematic, the labeled A, B, and C subunits are those that are in the general orientation used for the following diagrams. The subunits used to represent the icosahedral asymmetric unit were chosen to demonstrate the quasi-sixfold axis and are not related by a quasi-threefold axis. In both images the icosahedral threefold (quasi-sixfold [Q6]), fivefold, twofold, and the quasi-threefold (Q3) axes are labeled. In the schematic, six white circles are positioned around one of the quasi-sixfold axes to approximate the location of the hexameric bundle of N-terminal helices described in the following figures.
and C subunits are arranged with nearly perfect quasi-sixfold symmetry and form a hexameric, torus-like protrusion ( Fig. 1 ). About the fivefold axes, the A subunits form pentameric capsomers that do not protrude as far above the surface as the hexameric structures. Similar to what occurs in CCMV, 62 of the N-terminal residues of the A subunit are mostly disordered whereas only 29 residues in the B and C subunits are disordered. This break down in quasi-equivalence is due to a hexameric bundle of helices that can form about the quasi-sixfold but not the fivefold axes. As also observed in CCMV, the carboxyl termini of the capsid proteins form extensive interactions between the pentameric and hexameric structures (27) .
The core structure of CMV is remarkably homologous to that of CCMV even though their capsid proteins share only 19% sequence identity. The structures of CMV and CCMV were aligned (Fig. 2) using the program MolView (26) . Using a distance cutoff of 1.5 Å during the alignment process, 91 residues yielded an RMS deviation of 1.3 Å between the two structures. The first 60 residues could not be used for alignment because they were either disordered or had disparate structures. From this structural alignment, the sequence alignment was updated (Fig. 3) from that of the previously published report (30) .
The most obvious difference between the two viruses is that CMV has ϳ12-Å larger diameter (305-Å maximum diameter) than that of CCMV. This is in agreement with the hypothesis that CMV is in a somewhat permanent "swollen" state compared to CCMV. However, as previously determined by cryo-TEM and X-ray crystallography, CMV does not have the same structure as the swollen form of CCMV (27, 30) . CMV has only an ϳ4%-larger diameter than that of CCMV, whereas the expansion in CCMV is ϳ10%.
The second most obvious difference is at the N termini of the B and C subunits. In CCMV, residues 29 to 33 form the ␤-hexameric annulus at the quasi-sixfold (icosahedral threefold) axes. In contrast, residues 31 to 47 in these subunits of CMV form a hexameric bundle of helices unique among the known structures of plant viruses (Fig. 4) . These helices start at ϳ85 Å from the center of the virion and run parallel to the quasi-sixfold axis up to the capsid-RNA interface. The inner core of this bundle is entirely composed of leucine residues with a phenylalanine plug at the N terminus. Compared to those of CCMV, these helices give the appearance that the capsid of CMV is suspended on stilts over the RNA core.
There are several areas of smaller structural differences between CCMV and CMV that may also pertain to the differences in capsid radii and stability (Fig. 2) . When the C subunits are compared, the N-terminal coil between residues 38 and 49 in CCMV diverge further from the main ␤-barrel than does the homologous region in CMV. This is likely due to the differences in the quaternary structures at the quasi-sixfold axes. In CCMV, ␣CD1 and ␣CD2 are linked by a short coil and together form a loop structure (residues 72 to 87), whereas in CMV, this loop is shorter by 2 residues and forms a single helix.
The core structures of all three subunits in CCMV are nearly identical to each other, whereas the B and C subunits differ significantly from subunit A in CMV. Compared to CCMV, the ␤F and ␤G strands and the ␤F-␤G loop are all longer in CMV than in CCMV. In the B and C subunits, this loop has an extended structure and points toward the threefold axes. In contrast, this loop in the A subunit points toward the fivefold axis and is bent away from the surface (Fig. 5) . Another example of nonequivalence in CMV is that the ␣EF helix region makes contact among the A subunits about the fivefold axes and forms the contact surface between B and C subunits about the icosahedral threefold axes. This ␤E-␣EF loop is 7 residues longer than that in CCMV and has nonidentical structures at the fivefold versus the threefold axes. All of these insertions relative to the sequence of CCMV may fill in the gaps between the subunits in this expanded capsid or may be used to accommodate quasi-equivalent differences. However, there is still a great deal of space between the A, B, and C subunits (see Fig.  7A ) that may account for the RNase sensitivity.
A major difference between CMV and CCMV is that extensive RNA-capsid interactions are observed (27) in CCMV but that only several small pieces of isolated density are observed at the capsid-RNA interface in CMV. This is not due to the mask used for averaging since a large probe radius was initially used to generate the mask and the original virus model had a radius smaller than that of the final CMV virion. The reason for the lack of observable RNA density is unclear, especially since the interior of CMV is highly basic. Clearly, RNA interactions must occur with the capsid, but these interactions apparently are not specific to icosahedral symmetry.
The other difference between CMV and CCMV is in the proposed metal binding regions. In CCMV, the quasi threefold interactions are mediated by three carboxyl side chains: two from one subunit and one from the other (27) . While the low pH and the presence of EDTA during crystallization presum- ably removed the metals from this site, the orientations and distances between these side chains make it likely that this is a metal-chelating site. These interactions help explain the role of metal and pH in CCMV capsid swelling and disassociation (27) . An analogous cluster of acidic residues is not found in CMV. Instead, the equivalent interactions in CMV are mostly acid-base interactions (Fig. 6 ). These direct interactions between the quasi-equivalent subunits offer one explanation for the insensitivity of the capsid to changes in pH and metal concentrations.
There is, however, one location of the capsid that may be involved in metal chelation. As shown in Fig. 7A , the entire interior and exterior surfaces of the capsid are mostly basic, with the exception of one small acidic patch on the top of each subunit. Unlike CCMV, this patch is not at a subunit interface but instead may help define the structure of an outermost loop. As shown in Fig. 7B , the side chains of D192, E198, D118, and S119 are in close proximity with each other, with E195 lying on the perimeter of these interactions. Above the main cluster of acidic side chains is a portion of electron density not assigned to the protein structure that may represent a bound metal cation (Fig. 7C) . It should be noted that CMV was crystallized at relatively low pH (4.6) and that the virus was treated with EDTA during preparation; therefore, some of the metal ions may have been removed. In the presence of a metal cation and at higher pH, E195 may interact to a greater degree with this cluster. Perhaps the most interesting aspect of this region is that amino acids in the ␤H-␤I loop were shown to be remarkably conserved among strains of CMV and other cucumoviruses (K. Perry, unpublished results). Seven of the 9 amino acids in this loop (positions 190 to 198) are invariant among cucumoviruses, and of these 7, 6 have charged side chains. The ␤H-␤I loop is highly antigenic (7), and it plays an essential role in aphid transmission (K. Perry, unpublished results).
DISCUSSION
The previous finding that CCMV and CMV had homologous structures (30) was essential for this structure determination. It is therefore interesting to note where sequence alignment procedures succeeded and failed. As in CCMV, the first 28 residues are disordered in subunits B and C. In CCMV, residues 28 to 67 form mostly a random coil, with the residues comprising the ␤-annulus structure located at residues 29 to 33. In CMV, this region (residues 29 to 67) has a disparate sequence and structure. As with CCMV, a torus-shaped density was observed in the low-resolution structure of CMV at the quasi-sixfold axis (30) . While it was proposed that this represented a ␤-annulus similar to that of CCMV, it was in fact a hexameric bundle of helices in CMV. In hindsight, the density of this region in CMV (Fig. 1 of reference 30) is thicker and has a larger radius than the ␤-annulus in CCMV. In addition, the program NNpredict (12) predicted that residues 30 to 45 formed a helix. However, a prediction of this structure would have been surprising, given that this hexameric helical structure has never before been observed in a virus structure. It is not surprising that, with such low sequence homology, the sequence alignment algorithms failed in this particular region.
The main core region, residues 61 to 129, in CMV was correctly aligned with residues 43 to 113 in CCMV in spite of relatively low sequence homology. In the subsequent section, the alignment was confounded by weak homology and relatively large insertions in CMV. It was proposed that there was a large insertion between ␤G and aGH in CMV relative to the sequence of CCMV. However, this insertion was actually distributed at two different places: the ␤E-␣EF and the ␤F-␤G loops. The major consequence of this is that the ␤F, ␤G, and ␣Gh strands and part of the ␤H strand are incorrectly aligned. This is likely due to the relatively low sequence identity in this region and the fact that the ␤F and ␤G strands are longer in CMV than in CCMV. Interestingly, the alignment is in sync again toward the end of the ␤H strand and then proceeds without any insertions to the C terminus. The last significant difference is that the ␣CT helix does not exist in CMV, presumably because of a disrupting proline at position 211. In spite of these problems, the previous model for CMV was fairly accurate and proves the importance of combining crystallography, cryo-TEM, and secondary-structure prediction to model virus structures. The availability of a CMV structure facilitates a review and reinterpretation of biological and genetic data on the roles of specific amino acids in the CMV capsid protein. While the following discussion attempts to interpret many of these results in the context of the assembled virion, it is also possible that some of these mutations affect the function of the individual subunit during host infection. Of particular interest is a conserved proline residue at position 129. CMV variants altered at this position have been identified because they induce a striking chlorosis in infected plants, presumably due to a profound disruption of chloroplast function (24, 25, 28) . The proline residue at position 129 is also required for transmission by two species of aphid vectors (19, 20) and for efficient cell-to-cell and systemic movement in squash (31) . The structural reasons for the importance of proline at this position are unclear. P129 lies in the loop between ␤E and ␣EF and is not directly involved in any interface interactions. While this residue does not lie on the outermost portion of the capsid, it is exposed to solvent and may be accessible to host or vector interactions. However, the ␤E and ␣EF loop that immediately follows P129 is more elaborate than its CCMV counterpart and protrudes toward the quasi-threefold axis. The importance of this proline, therefore, may be to position ␣EF in the proper orientation for subunit interactions. It may also affect the acid-base interactions discussed above that are mediated by the proximal lysine at position 127.
Mutation of alanine at position 162 has also been shown to profoundly affect aphid transmission. Two independently isolated A162T mutants in different wild-type backgrounds have been shown to have a significant effect on virion stability as measured in vitro (J. Ng and K. Perry, unpublished results). The effects of this mutation on aphid transmission may be due to a loss in capsid stability. A162 points toward the loop con- necting the unusual N-terminal helix and ␤B. Perhaps more importantly, A162 lies within the loop that has a different structure at the icosahedral threefold and fivefold axes ( Fig. 5  and 8 ). Therefore, mutations in this loop may affect the plasticity of the capsid protein and its ability to fulfill the needs of quasi-equivalence.
Changes in amino acid positions 129 and 162 are paradoxical in that they appear to offer a selective advantage in populations of the virus passaged mechanically in the absence of an aphid vector. One can infer that these changes enhance the competitive ability of the variants, either in replication or some aspect of cell-to-cell or systemic movement (Ng and Perry, unpublished results). Both of these mutations lie in major insertions relative to the sequence of CCMV, and both regions of insertion differ structurally in the A versus the B and C subunits. These mutations, therefore, may affect capsid assembly and/or stability.
A number of mutations have been made in the N-terminal region that yield some insight as to the roles of the basic region in the first 30 residues and of the unusual helix at residues 31 to 47. Deleting the first 12 amino acids does not disrupt virion formation (23) . This was also true for mutants with a deletion of the four consecutive Arg residues at positions 14 to 17 or with the replacement of the two Arg residues at positions 19 and 20 with Ala. These results suggest that a redundancy of basic residues in this disordered region is required but that the exact locations of these residues are not conserved. These conclusions are consistent with the proposal that these residues serve to neutralize the RNA charge via nonspecific interactions.
The virus does not, however, tolerate the deletion of amino acid positions 2 to 20, 14 to 20, or 15 to 40 (6, 23) . The deletion of amino acids 2 to 20 removes most of the basic residues in the disordered N terminus. This finding suggests that there are FIG. 7 . Structure of an external loop involved in aphid transmission. (A) van der Waals surface of a portion of the CMV capsid, with the negatively and positively charged electrostatic fields being shown in red and blue, respectively, created with the program GRASP (15) . Arrows denote the locations of the loops described below. Note that the only negatively charged patch on the entire capsid surface is about the ␤H-␤I loop. (B) Distances between the residues involved in this negatively charged patch. The atoms are colored according to atom type as defined in the legend to Fig. 5 . The side chains in the area are very close to each other and may be indicative of a counterbalancing cation. (C) Same region and view as those shown in panel B, with the electron density contoured at 1 , represented by black lines. Note the patch of density between D118, S119, E198, and D192, which may represent a bound, divalent cation. The distances between the center of this patch of density and the oxygen atoms are between 2.3 and 3.0 Å. Upon deprotonation at neutral pH, these distances may decrease to those of typical oxygen-calcium contacts (ϳ2.3 Å). Q3 and Q6, quasi-three-and quasi-sixfold axes, respectively. limits to the number of basic residues that can be removed in this region. The deletions of amino acids 14 to 20 and 15 to 40 not only remove most of the basic residues but also more than half of the N-terminal helix that extends into the viral core. The deletion of amino acids 26 to 40 leaves all of the Nterminal basic residues intact but removes more than half of the N-terminal helix. When residues 26 to 40 were deleted, virions could still be recovered, but when residues 15 to 40 were deleted, the accumulation and stability of virions were affected (9) . These results suggest that the unusual N-terminal helix, in addition to the basic residues at the N terminus, has a stabilizing role in the capsid.
Remarkably, a suppressor of the mutant with positions 15 to 40 deleted was recovered in which two sizes of virions with altered stabilities and levels of accumulation were observed (9) . The boundaries of the original deletion were the same, but three additional amino acid changes had been selected: D81E, L166V, and M173R (9) . It seems likely that this deletion destabilizes the virion by removing more than half of the Nterminal ␣-helix and that the compensatory mutations act by stabilizing the capsid. M173 is immediately adjacent to E98 on the quasi-threefold related subunit. The M173R mutation might be expected to stabilize the capsid by increasing the coulombic interactions shown in Fig. 6 . Similarly, L166 lies at the interface between subunits about the quasi-sixfold axis. This environment is hydrophobic, with P56 and I53 lying at the adjacent subunit. While it is not clear why mutating L166 to a valine might stabilize the capsid, it is interesting that this residue makes significant subunit contact only about the icosahedral threefold axes (above the quasi-sixfold helices) and not the fivefold axes. The final compensatory mutation, D81E, is harder to explain. It lies near the ␤H-␤I external loop that is involved in aphid transmission (Fig. 8) and is not involved in any subunit interactions. It may be that this mutation enhances the metal binding environment, since it seems coincidental that this is a mutation to an acidic residue at the only acidic patch on the virion surface.
Compensatory mutants were also recovered when position 129 was mutated. A S129F mutation eliminated systemic movement in tobacco, but three compensatory mutants could be recovered, those with an A138D, A144E, or A147S mutation (28) . Again, while the exact reasons why these mutations abrogate the effect of the mutation at position 129 are unclear, it is interesting to note the locations of these mutations. As discussed above, position 129 lies on the loop preceding the ␣EF helix, and the position of this helix in the A subunit differs from its positions in the quasi-equivalent B and C subunits. In each case, mutations in position 129 are compensated for by increasing the hydrophilicity of ␣EF. It is not clear how this could compensate for the loss in systemic movement caused by the mutations at position 129. However, it is again coincidental that these mutations cluster about one of the three sites (the ␣EF helix, the ␤H-␤I loop, and the ␤F-␤G loop) that apparently play an important role in a wide variety of viral processes.
The availability of this structure will now allow us to further examine how specific regions of the capsid protein affect virushost interactions and vector transmission. For example, it will be interesting to swap the N-terminal domains of CCMV and CMV to see the roles of these regions in viral stability, transmission, and particle size. One could also interchange the CCMV and CMV subunit interactions at the quasi-threefold axis to try to either add or subtract the metal dependency. Finally, armed with the structural details of the ␤H-␤I loop, we can start to probe the fine details of the interactions between virions and the aphid vector.
